We have examined the relationship between DNA mismatch repair and deficiency of DNA methylation in a mouse embryonic cell line, Dnmt1 À/À ES, with homologous deletion of the gene coding for the maintenance DNA methyltransferase Dnmt1. With the use of a sensitive PCR for the assay of two mononucleotide-and three dinucleotide microsatellite markers that exhibited instabilities in mismatch repair-deficient cells, significantly higher frequencies of instability were detected at three of the five markers in Dnmt1 À/À ES than the wildtype ES. The data suggest that Dnmt1 enzyme plays an integrating role in DNA replication and/or repair. The implication that Dnmt1 enzyme and/or cytosine methylation may participate in the strand discrimination of mismatch repair during eukaryotic DNA replication is discussed.
Faithful DNA replication is essential for the normal transmission of genetic information from parental cells to their daughter cells. In order to preferentially correct mutations generated on the newly synthesized strand of DNA helix during replication, both prokaryotes and eukaryotes have evolved to possess the mismatch repair system, or MMR. MMR is well characterized in bacteria such as Escherichia coli, in which different mispairs and small insertion/deletion loops are recognized by the MutS homodimer. The repair specificity of the newly synthesized strand is directed by the DNA adenine hemimethylation (dam), and MutL, MutH protein factors. While the MMR system of the eukaryotes also operates through the functioning of MutS and MutL homologs, the signal(s) for strand discrimination of their DNA repair has not been defined yet, especially in view of the lack of adenine methylation and MutH homolog in the eukaryotic genomes (Kolodner, 1995; Modrich and Lahue, 1996; Jiricny, 1998) . In vivo (Hare and Taylor, 1985) and in vitro (Holmes et al., 1990; Thomas et al., 1991) studies have suggested that the discontinuous DNA ends generated during DNA replication may serve as the strand discrimination signals for eukaryotic MMR.
Interestingly, however, the genomes of many eukaryotes contain the modified base 5-methyl cytosine, or m 5 C, which is generated by the combined actions of the two de novo enzymes, Dnmt3a and Dnmt3b, and the maintenance enzyme Dnmt1 (reviewed in Li, 2002) . To further explore the function of Dnmt1, we have used a highly sensitive single-allele dilution PCR to assay the microsatellite instabilities or MSI, a common phenotype associated with mutations affecting DNA replication fidelity/processivity or the MMR functions (Sia et al., 1997; Prolla et al., 1998) , in mouse embryonic stem cells (ES) with homozygous deletion of the Dnmt1 gene and consequently a hypomethylated genome. As shown below, the Dnmt1 null ES cells exhibited high MSI frequencies in comparison to the wild-type ES cells. We discuss this finding in terms of impairment of DNA replication and/or MMR due to the deficiency of Dnmt1 enzyme and C methylation.
Microsatellite instability of mouse Dnmt1
À/À ES cells
Of the three enzymes methylating the vertebrate genomes, the de novo methyltransferases Dnmt3a and Dnmt3b are present mainly in the early development stages and germ cells, whereas they are largely suppressed in the differentiated somatic cells. On the other hand, Dnmt1 is a component of the DNA replication complex (Rountree et al., 2000; Vertino et al., 2002; Milutinovic et al., 2003) , and its ability to discriminate the parental and nascent DNA strands is implicated by its preferential use of hemimethylated DNA, generated during DNA replication, as the substrates (Bestor, 1992) . Furthermore, mouse ES cells with homozygous knockout of Dnmt3a, Dnmt3b, or Dnmt1 have been generated, all of which are deficient in DNA methylation activities. Among them, however, the demethylation effect is most pronounced and extensive in Dnmt1 À/À ES cells (Lei et al., 1996; Okano et al., 1999) . For these reasons, we have chosen Dnmt1
À/À ES to study the possible relationship between DNA methylation system and MMR in the mammalian cells.
We took advantage of the highly sensitive single-allele dilution PCR, which could detect alterations present in a small fraction of cells (Parsons et al., 1995) , to test the stability of microsatellites in Dnmt1 À/À ES in comparison to the wild-type ES cells. For this, we used the J1 wildtype and Dnmt1 À/À mutant ES cell lines generated in Dr En Li's laboratory (Lei et al., 1996) . Three independent subclones of the wild-type and Dnmt1 À/À ES cells were isolated from freshly cloned populations, and individually cultured for 50 days. In this way, the occasionally introduced length polymorphisms of microsatellites in the original cell populations would be eliminated, and the potential effects of Dnmt1 gene deletion should manifest apparently (Bhattacharyya et al., 1994) . Fresh isolation of three independent subclones from each cell population allows the confirmation of the wild-type allelic profiles for the markers tested. It also enabled us to triplicate the PCR reactions, thus increasing the accuracy of detection. After five-time further passages in LIF (leukemia inhibitory factor)-containing medium without the feeder cells (Lei et al., 1996) , the genomic DNA samples were isolated. Successful removal of the feeder cells was demonstrated by the RT-PCR results shown in Figure 1 , with Dnmt1 mRNA detectable only in wild-type ES but not the Dnmt1 À/À samples. For MSI analyses, we used two mononucleotide (JH101, JH102) and three CA dinucleotide (D1Mit36, D7Mit91 and D14Mit15) microsatellite markers that have been shown previously to exhibit instabilities in mice with Mlh1 or Pms2 mutation (Edelmann et al., 1997; Prolla et al., 1998) , or in tumors from CcsI colon cancer susceptible mice (JH101 and JH102; Lipkin et al., 2000) . In our assay, the wild-type allelic profiles of the five microsatellite markers were consistently reproducible in subclones derived from either the wild-type or Dnmt1 À/À ES cells, and a typical set is shown in Figure 2 .
The MSI of the individual subclones derived from both the wild-type ES and Dnmt1 À/À ES cells were calculated and tabulated (Table 1) . In order to enlarge the data sets and increase the statistic power, we also combined the data from the triplicated subclones and calculated the MSI for both genotypes (last column, Table 1 ). As shown, there is a striking difference between the wild-type and Dnmt1
À/À ES samples in the frequencies of novel allele occurrence. The three wildtype subclones had relatively stable PCR patterns for all five markers examined, with the frequencies of novel allele occurrence ranging from 0 (JH102, subclone I) to 7.6% (D14Mit15, subclone II). In great contrast, except for D7Mit91 and JH101 of subclone II, higher frequencies of MSI were observed at the tested markers in the Dnmt1 À/À subclones than the wild-type ES cells. The most dramatic difference is at JH102, where all three Dnmt1 À/À samples showed significantly higher MSI frequencies when compared to the wild-type subclones (Po0.001 for subclone I, Po0.01 for subclones II and III in the w 2 -test). Taken together, the data of Table 1  demonstrated that Dnmt1 À/À ES cells exhibited relatively high MSI at both mononucleotide and dinucleotide microsatellite markers, with the values of instability ranging from 2.4-to 10.9-fold higher than the wild-type ES cells. The MSI observed is unlikely generated as a result of the gene knockout strategy of the ES cells, for example, see Wong et al. (2002) . Thus, DNA hypomethylation caused by Dnmt1 deficiency in Dnmt1 À/À ES cells is not only correlated with higher recombination frequency and chromosomal deletion (Chen et al., 1998; Eden et al., 2003) but also associated with higher frequency of MSI.
Possible molecular basis for the enhanced MSI in Dnmt1
The above data are in agreement with the general circumstances of microsatellite instability surveillance observed previously in tumors (Edelmann et al., 1997; Lipkin et al., 2000) . However, the range of the increase of mutation frequencies in Dnmt1 À/À ES cells is modest when compared to the MSI frequencies of MMR defective tissues (Prolla et al., 1998) . This might be attributed to the microsatellite markers chosen, the different tissue/cell types tested, and the limited mitotic period (50 days) of the freshly cloned samples used in our study. Related to this, Kabbarah et al. (2003) suggested a new panel of microsatellite markers with longer repeat sequence to enhance the sensitivity of MSI À/À ES cells. Also shown are RT-PCR data of G3PDH and Dnmt1, the expression of the latter is null in Dnmt1 À/À ES cells. Total RNA samples from each clone of the cells were prepared using the TRIzol reagent (GIBCO/BRL). The first strand cDNA synthesis was accomplished using oligo(dT) and SuperScript II (GIBCO/ BRL). Amplification of the cDNA was carried out using primers across different exons of each gene: Msh2, 5 0 -GGA ACA GGA TAG AGG AGA GG-3 0 , 5 0 -CAA CAG TGC CTG GTG TCT TC-3 0 ; Msh6, 5 0 -CAG CCA GGA GAC TAT TAC-3 0 , 5 0 -CTC AGC TTC CAA TGT AGT C-3 0 ; Mlh1, 5 0 -GTA TCT GAT GTC AGA ACA CTG C-3 0 , 5 0 -GCA GCT GAT TCT ACC AGA CG-3 0 ; Pms2, 5 0 -GCC ACT GCT AGA TGT TGA AG-3 0 , 5 0 -GGA GCT CAC GTT ATA GTC AC-3 0 ; G3PDH, 5 0 -GAC CCC TTC ATT GAC CTC AAC-3 0 , 5 0 -TCT TAC TCC TTG GAG GCC ATG-3 0 ; Dnmt1, 5 0 -TCG GTT CTT CCT TCT GGA GA-3 0 , 5 0 -CAG CCT CGT TAT GTT GCT AAC-3 0 . Each of the 30 PCR cycles is carried out at 931C for 45 s, 581C for 30 s and 721C for 30 s detection. We have dealt with this problem with the use of the strategy of single-allele dilution PCR to enhance the sensitivity of MSI detection. Finally, the mutation frequencies may have large fluctuations depending upon when the first mutation(s) appeared in the population (Luria and Delbru¨ck, 1943) .
Without detectable alteration in the expression levels of several genes known to function in MMR (Figure 1) , there are several possible explanations for the observed higher MSI in Dnmt1 À/À ES than wild-type ES cells. First, the genome-wide hypomethylation may cause the imbalance of gene expression and nuclear organization (Jackson-Grusby et al., 2001; Suzuki et al., 2002) , and consequently the cell physiology. This likely could increase the formation of DNA adducts, and disarm the MMR function by saturating the DNA adduct recognition and/or signaling (Slupphaug et al., 2003) . Also, hypomethylation-induced imbalance of gene products relevant and/or irrelevant to MMR could generate low level of MSI (Hofseth et al., 2003) . Second, the Dnmt1 À/À ES cells could be impaired in the integrity of the DNA replication machinery and consequently MMR. Dnmt1 is one of the core components of vertebrate DNA replication machinery functioning in the coordination of the genetic and epigenetic replication (Leonhardt et al., 1992; Liu et al., 1998; Rountree et al., 2000; Vertino et al., 2002; Milutinovic et al., 2003) . Also, human DNMT1 directly interacts and colocalizes with PCNA (Chuang et al., 1997) , a replication protein suggested to provide the physical link between MMR and DNA replication complexes (Umar et al., 1996; Gu et al., 1998) . Furthermore, excess presence of a segment of the p21 polypeptide disrupted the interaction between DNMT1 and PCNA (Chuang et al., 1997) and at the same time inhibited DNA replication as well as MMR (Umar et al., 1996; Gu et al., 1998) . Thus, loss of Dnmt1 could hamper the DNA replication-associated MMR process, and lead to decrease of the efficiency of MMR.
Finally, it is tempting to suggest that m 5 C may play a role in vertebrate MMR equivalent to that of m 6 A in E. coli, a scenario originally suggested by a set of DNA transfection experiments in cell culture (Hare and Taylor, 1985) . Although the study was criticized for the relative lack of statistic analyses and for the difficulty to exclude the involvement of G/T mismatchspecific thymine glycosylase in the repair (Modrich and Lahue, 1996; Jiricny, 1998) , the possibility that m 5 C plays a role in MMR was remained open. In any case, it could be pictured that immediately after DNA replication, the transient CpG hemimethylation status marks the mother strands for Dnmt1 to carry out its maintenance methylation activity. Meanwhile, it serves as a strand-specific signal detector encountering MMR. Namely, Dnmt1 recognizes the hemimethylated CpG sites during DNA replication and, through its direct interaction with PCNA, presents the signal for strand discrimination to the mismatch repair complex.
It should be noted that in a recent genetic screen for MMR genes in Blm-deficient ES cells, Dnmt1 was among the several genes identified (Guo et al., 2004) . In that study, Dnmt1 was identified as a novel MMR gene by the 6-TG resistance screen of homozygous mutants (Guo et al., 2004 ), whereas we detected the endogenous Figure 2 Representative allelic profiles of the five microsatellite markers. The ES cells were cultured individually as described previously (Lei et al., 1996) with few modifications. ES cells were freshly cloned by limiting dilution and were grown on feeder layer of mitomycin C (Sigma)-treated STO cells (American Type Culture Collection) with LIF. Three clones from each line were grown for additional 50 days before genomic DNA purification. For MSI analysis, three fluorescence-labeled primer pairs were synthesized to amplify dinucleotide microsatellites (D1Mit36, D7Mit91 and D14Mit15) and two others for mononucleotide repeats (JH101 and JH102) as described (Edelmann et al., 1997; Lipkin et al., 2000) . The isolated genomic DNAs were diluted, and 0.5 to 3 cellular equivalents were used in each of the multiple parallel PCR reactions (Parsons et al., 1995 , Prolla et al., 1998 . Samples were analysed on ABI 3100 genotyper using the Genotyper software (Perkin-Elmer). For each panel, the upper graph is the wild-type pattern, and representative novel allele occurrence is shown in the bottom. The size standards (bp) are indicated on the baselines MSI without the selection pressure as applied in Guo et al. (2004) . The two independent studies using ES cells of different genetic backgrounds support the idea that eukaryotic DNA methylation program plays an important role in MMR. The detailed mechanisms of how Dnmt1, and possibly m 5 C, is involved in eukaryotic MMR in relation to DNA replication awaits to be investigated. 
